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Abstract

The performance of an elastomeric vibro-acoustic isolation system is governed by the dynamic
properties of the material under service temperature and frequency condittesigoaper
investigates the effect of epoxidation level on the dynamic properties of Epoxidized Natural
Rubber (ENR). Dynamic properties of natural rubber with 0, 25 and 50 mol% epoxidation levels
were measured in simple shear over a range of temperatures and frequenaiemsaied curve

for their dynamic properties was generated based dintegemperature superposition principle.
These master curves and the Cole-Cole plot of their dynamic properties shows that the epoxidation
level does not affect the relationship between the storage modulus and loss modulus, but merely
shifts the master curves for natural rubber along the frequency axis. These observations would be
of value for designing a vibration isolation system with an optimum level of epoxidation to achieve
the desired storage modulus (or loss modulitsjhe given service conditions. A reduced
temperature nomogram is presented for the prediction of appropriate epoxidation level required
for such design purposes. The 5-parameter fractional derivative model by Pritz [J. Sound & Vib.,
265, 935-952 (2003)k fitted to the master curves for the complex dynamic modulus of natural
rubber with different epoxidation levels.

Keywords:
Epoxidized natural rubber, Dynamic propertiesndtemperature superposition, Cole-Cole plot
Fractional derivative model

1. Introduction

Viscoelastic materials such as rubber are used extensively for vibro-acoustic isolation. The
dynamic mechanical properties of these materials are dependent on the temperature and.frequency
Therefore, it is necessary to test rubber compounds used in vibration and noise control applications
in a range of environmental conditions and frequencies.
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A chemically modified natural rubber (NR); Epoxidized Natural Rubber (ENR), is the focus of
this study. ENR is produced by epoxidation of natural rubber with peracetic acid at the latex stage.
A known percentage of its double bonds are reacted to form epoxide groups. As the epoxide groups
are introduced, ENR shows a higher glass transition temper&lies Compared to natural rubber

by approximately 1°C for every mol% epoxidati@ [1]. This will strongly affect the dynami
mechanical properties of ENE' [2].

ENR provides good resistance to oils and non-polar solvents, high damping at room temperature
and low air permeability. These properties result from the high polarity of epoxide groups, which
are randomly distributed along the natural rubber backﬁﬁ 3, 4].

There are two commercial grades available for ENR which have different epoxidation levels: 25
mol% and 50 mol"/«}]Z], referred as ENR-25 and ENR-50. Rubber with any level of epoxidation
can be developed under the right reaction conditions, which are mainly controlled by the peracetic
acid concentration and epoxidation temperae [5].

A number of authors have reported on the dynamic mechanical properties of ENR. The materials
investigated so far include blends of ENR and polymers with diffdggnsuch as polyvinyl
chloride [[d], ethylene vinyl acetafe][7], natural rubpdr [8], polychloropfehe [9FARI blends

with ethylene propylene diene monomer rub@ [10]. Materials consisting of ternary blends have
also been reported such as ENR/polyvinyl chloride/chlorinated polyet@ne [11] and ENR/natural
rubber/cellulosZ]. Several studies on the performance of dynamic mechanical properties of
ENR blends using different mixing approashave been conducted. For example, Rooj I. [13]
developed a mixing technology based on an in-line electron induced reactive processing technique.
Wang et al.] introduced wet masterbatch technique instead of using the traditional dry mixing
method.

There isa relatively small amount of published work on dynamic mechanical properties of
materials based on ENR alone as the main matrix. Furthermore, the effect of the epoxidation level
on the dynamic properties of ENR has not been fully investigated. One particular study on the
dynamic properties of ENR alone has been reported by Lu a@Li [15]. They implemented a
alternative approach in producing ENR with effective dampingbnoad temperature range. It

was shown that the application of a different crosslinking agent, phenolic resin, in the ENR matrix
helps to achieve an effective damping with the loss faditan 6 > 0.3 and in the temperature
range from -48°C to 100°C. However, the research they conductededoonly on a single
epoxidation level of 40 mol%. The earlier work reported by Ahmadi @I. [16] has particularly
addressed the effect of different epoxidation levels on the dynamic mechanical properties of ENR
matrix. They have include@more interesting finding when they generated master shear modulus
and loss factor curves of 0, 25 and 50 mol% epoxidation levels. The master curves obtained were
found to be similar in shape.
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In this study, the effect of different epoxidation levels on the dynamic properties of ENR as a
single matrix was investigated for a wide range of temperatures and frequencies. Tle@d type
natural rubber with different epoxidation levels of 0, 25 and 50 mol% were studied. The master
curves of the rubbers were compared and nomogram relating the reduced frequency to the complex
moduli at different temperatures was obtained. The influence of the epoxidation level on the
relationship between the two dynamic moduli of the material was also studieca@terCole

plot. Finally, the dynamic properties obtained were fitted by fitting the 5-parameter fractional
derivative model by Pritz (Eg. 38 in r17]) to the master curves for the complex dynamic
modulus.

2. Experimental Procedures

2.1 Materials and Sample Preparation

Three types of natural rubber, SMR-CV60, ENR-25 and ENR-50 were obtained from the
Malaysian Rubber Board. The basic details of the materials are shown in Table 1. All other
ingredients were provided by Tun Abdul Razak Research Centre (TARRC), United Kingdom. All
of the materials were commercial grade. The formulations used are given in Table 2. The
formulations are denoted by RO, R25 and R50, where the numbers stand for the epoxidation level
of the rubber.

Tablel
Rubber materials used in the experiments.
Characteristic
Material Type Epoxidation Levél ~ Glass Transition Temperature
(%) Tg*(°C)
Natural rubber SMR-CV6d 0 -72.0
Epoxidized natural ENR-25 294 -45.5
rubber
ENR-50 52.1 -25.1

! Standard Malaysian Rubber constant viscosity: grade 60
2asanalysed by Proton Nuclear Magnetic ResonatidéN(MR)
3 estimated based on the epoxide levels analyséd B§MR from relationship described by Davey and Load@n [1]

The materials were compounded on a laboratory 2-roll-mill machine maintained below 40°C. The
rubber was loaded at the beginning of the compounding process. The other ingredients were mixed
together and then loaded gradually to the 2-roll-mill. Finally, a smooth and uniform sheet was
obtained. The compounding time was kept below 20 mins. The compounded natural rubber was
left for 24 hours before being compression moulded into the rubber disc shaped of the double
bonded shear test pieces for 20 minutes using an electrically heated hydraulic press at 150°C. The

curing time was selected according to the crosslinking time at which 95% of cure has taken place
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observed in the rheometer curve. The curve was analysed using a Monsanto Rheometer, MDR
2000.

Table2

Formulations in parts per hundred of rubber (phr).
Ingredient RO R25 R50
SMR-CV60 100 - -
ENR-25 - 100 -
ENR-50 - - 100
Sulfur 2.5 2.5 2.5
Zinc Oxide 4 4 4
Stearic Acid 4 4 4
Wingstay L 1 1 1
CBS 1 1 1
PVI 0.3 0.3 0.3

The rubber pieces were bonded to stainless-steel surfaces during the curing process. The first step
for bonding was to clean the stainless sbseliry sandblasting (air-blasting). Then, the stainless

steel was immersed in acetone to remove the loose particles for 5 mins. Finally, a rubber-metal
bonding system, Chemosil® 211 (primer) and Chemosil® 225 (covercoat) were applied to the
stainless-steel surfaces which was to be bonded to the rubber pieces during the curing process.
Drying time of 30 mins at room temperature for primer bonding agent was allowed before applying
the covercoat bonding agent.

2.2 Dynamic Mechanical Characterisation

The dynamic properties of the three vulcanizates were measuredaudietgavio DMA+1000
dynamic mechanical analyser. Tests were carried out over a frequency range of 0 Hizahd0

a temperature range of -40 to 50°C with a dynamic strain of 0.1%. Double bonded shear test pieces
(Fig. 1) were used. The nominal dimensions of the rubber discs were 10 mm in diameter and 2 mm
thickness.

3. Results and Discussion

3.1 Effect of Temperature on the Dynamic Mechanical Properties

Fig. 2 illustrates the dependence of the storage mod@lys$ a function of temperature in the
range of -40°C to 50°C for natural rubber with different epoxidation levels. These data were taken
at 170 Hz excitationThis choice of frequency is the best to capture the development of the loss
factor peak for the RO, R25 and R50 rubbers studied in this work.
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It can be seen that all the materials exhibit lGgin the low temperature regio@.decreases with

the increasing temperature. In this region the mobility of the polymer chains was inc@}sing [12]
so that a reduction in the material stiffness was expected. The storage modulus eventually
converges for all three materials at around 50°C.

Fig. 3 shows the loss factor (tan &) curves under the same conditions. This parameter gives a
measure of the energy loss in the material due to the molecular rearrangement and internal friction
in the natural rubber matrix. Above 5°@n 6, and therefore damping, increases witke th
increasing epoxidation level. Fig. 3 also indicates Thancreases as the epoxidation level is
increased, suggesting that the epoxide groups result in restricting movement the natural rubber
chains. As a result, a higher temperature is needed to overcome the chain rigidity and interactions
and allow rubbery behaviour.

3.2 Effect of Frequency on the Dynamic Mechanical Properties

The storage module§,’, of the three materials as a function of frequency and temperature is
plotted in Figs. 4 to 6t is frequency dependent, with its value increasing with frequency at all
measured temperatures. However, at higher temperatures the storage modulus is relatively
frequency independent. It becomes progressively more dependent on frequency as the temperature
decreases. Well above tifig, the molecules are free to move and experience relatively little
resistance, so that a relatively low modulus can be observed. As a result, similar storage modulus
values are obtained at high temperatures for all three compounds. However, as the temperature
approaches thg,, the frequency dependence of the properties becomes more pronounced, as
shown in Figs. 4 to 6.

3.3 Time-Temperature Superposition

The isothermal curves plotted in Figs. 4 to 6 can be shifted along the frequency axis and storage
modulus axis to obtain superposition. In practice, the dynamic mechanical properties of the rubber
materials can be tested in a limited frequency range. However, it is possible to infer the dynamic
mechanical properties of the rubber over a wider frequency range usitighé¢hiemperature

superposition principle. The time-temperature superposition is expressed in the following equation

PoTo

Gr, (arw) = p—TGT (w), €]

where Gy, and Gy are the shear modulus at the reference temperdiyrand at a given
temperatureT, respectivelyar is the horizontal shift coefficient along the frequency axis,

while p, andp are the density of the material & andT, respectively, and:
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= bT! (2)

by being the vertical shift coefficient.

The horizontal shift coefficient;r, is used to adjust the horizontal position of the isothermal curve
along the frequency axis, whereas the vertical shift coeffidhgnts used to adjust the vertical
position of the isothermal curve. The vertical shift coefficieptfor all isothermal curves were
determined using Eqg. (2). It was assumed that the material density did not change significantly
with temperature, so that the density value was kept constant.

The transition behaviour occursthe range up to 100°C aboiig. In this temperature range

the frequency-temperature dependence of the dynamic properties of rubber can be inferred
empirically. The approach suggested by Williams, Landel and Ferry (\/@3) [21] expresses the
shift factor,ar, as the following:

Cl (T - Ts)

logay = ——1—— "5
oBAT = T+ T - T,

(3)

Here,C; andC, are viscoelastic coefficients affigis the reference temperature estimated as:
Ty = Ty + 50°C. 4)

Williams, Landel and Ferry suggested that the viscoelastic coefficignts3.86 and’, = 101.6.
These values were selected based on the chosen reference tempdrtatuoé, -30°C for
polyisobutylene. If a different reference temperatligeis chosen instead @f, then the new
viscoelastic coefficients,;° andC,° are calculated based on the following equations:

C,C;
c'=—* 5
VUG 4T, - T, ()
and
Cl=Co+Ty— T, (6)

In this work, the chosen reference temperatlyewas 20°C, where tHg of each rubber was
estimated based on the epoxide levels analysed by nuclear magnetic resonance (NWIR)f The

Page 6 of 26



RO, R25 and R50 rubbers were -72.0°C, -45.5°C and -25.1°C respectively. The new viscoelastic
coefficients for RO, R25 and R50 at a reference temperature of 20°C are summarised in Table 3.

Table 3
The new viscoelastic coefficients for the reference temperature of 20°C.
Viscoelastic Coefficients RO R25 R50
c,° 6.27 7.69 9.31
C,° 143.6 1171 96.7

The horizontal shift factor is calculated using:

C,%(T = Ty)

logar = ——————
gar CC+T— T,

and their values for all rubbers are listed in Table 4.

3.4 Relationship of Dynamic Properties of Different Epoxidized Natural Rubbers

()

For a single homogenous polymer, plotting storage moddluagainst the loss modulus;’,
known as Cole-Cole pI2], would show the relationship between the two moduli without any
information on the temperature and frequency at which the measurements were taken. The data
collapses on an arc of a circle presenting the dynamic properties of the polymer from the rubbery
to glassy phase. Fig. 7 shows this data for the natural rubber and ENR formulations tested. A full
semicircle is not plotted as tests were not carried out at low enough temperatures approaching the
glass transition temperature for these materials. The data for RO, R25 and R50 fall on a single arc
suggesting that the epoxidation does not influence the relationship between storage modulus and

loss modulus.

Fig. 8 shows th&' master curves for R25 and R50 rubbers shifted to the right to match the master
curve for RO rubber at reference temperature dIC20rhis has been done by applying a
multiplication factor to shift horizontally the curves for R25 and R50 rubbers. The multiplication
factors for R25 and R50 rubbers were found to be 17 and 500, respectively. The same

multiplication factors were applied to the master curvegfom Fig. 9.

It is also possible to shift the curves 0 and R50 by altering the reference temperature from
20°C to -3C for RO and to 38C for R50 so that they overlap with the R25 curve &C20he
temperature differences between the reference temperature for R2»48d the new reference

Page 7 of 26



Table4
The horizontal shift coefficients for the reference temperature of 20°C.

Horizontal shift coefficientsg
Temperature (°C)

RO R25 R50
-40 31551.529 - -
-35 7786.905 - -
-30 2231.669 - -
-25 726.004 62785.932 -
-20 263.222 9731.792 -
-15 104.780 1892.968 -
-10 45.232 444.355 15379.298
-05 20.960 122.083 1761.166
00 10.336 38.315 267.527
05 5.385 13.470 51.181
10 2.946 5.221 11.849
15 1.683 2.202 3.218
20 1.000 1.000 1.000
25 0.615 0.484 0.349
30 0.391 0.248 0.134
35 0.255 0.134 0.056
40 0.171 0.076 0.025
45 0.118 0.044 0.012
50 0.083 0.027 0.006

!Reference temperature

temperatures foRO and R50 (23C between R25 and0 and 18C between R25 and R50) were
similar to the differences in thefs (26.8C between R25 angl0 and 20.4C between R25 and

R50). It was observed thé;® andC,’were very similar for RO, R25 and R50 when the curves
overlapped. This is to be expected as they have theGaneesus;'’ relationship demonstrated
by the Cole-Cole plot (Fig. 7).

The implications of these observations are interesting from a practical perspectivecaresidsr

the case where it is desired to have an epoxidized NR having a particular dynamic praperty at
temperaturd,..¢. This may be achieved by shifting the mastercurves for the dynamic properties of
NR by a horizontal multiplication factox() to a new frequency range so that the desired modulus

at the required frequencies is obtained. Then, the change requiredjrofi¢R can be calculated,

and hence the epoxidation level required to obtain the dynamic properties under the desired
conditions. Knowledge of the original three (before the application)dghift factors @1, ar,

anday;) and their respective temperatur@sg, [, andTs) is required to form three simultaneous
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equations to solve fdf, and C,°. It should be noted thay, is reference temperature for the NR
master curve shifted by, wheread,.¢ is the reference temperature for the ENR curve i.e. the
temperature at which the desired properties are required.

C,°(Ty = To)
a=logx,ar; = ——————— 8
g Xrarq C20+T1—T0 (8)
C1°(T, — Tp)
=logx. a7, = —————m— 9
p g Xr ATz C20+T2—T0 9)
C1°(Ts — Tp)
=logx,. Q= ——————m— 10
14 g Xy a3 C20+T3—T0 (10)
which leads to:
_ ayT,(T; — Ty) + ByTi (T, — T3) + afT3(Ty — Ty) (11)
0 ay(T; —T) + By (T, — T3) + af (T, — T3)
a— T, —T)(T, — T,
CZO — ( B)( 1 0)( 2 0) (12)

B(Ty — Ty) — a(T, — T)

Alternatively, T Ty of the original polymer (NR) is known, then the following equation can be used
instead of Eq. (12):

C,°=101.6+T, —T,. (13)

As mentioned earlier, the viscoelastic coefficients for overlapping NR and ENR compounds were
found to be the same. Thg of the ENR compound which gives the desired properti€satan

therefore be found:
Ty = 101.6 + Tree — 50°C — C,°. (14)

For example, using, as 0.06 (shifting RO to match R2%), T, andT; as -40°C, -35°C and -
30°C, andary, ar, andar; as 31552, 7787 and 2232, thefor R25 is calculated, using Egs. (11,
12 and 14) to be -48.5°C.

Another way of visualizing this data is to use a nomogram (Fig. 10). This nomogram has been
constructed from the data for RO, but it is generalised to apply to any ENR compounds with known
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Ty. The generalisation is approximate, but useful for design purgbsesld be employed in two
ways.

The first is estimation of the modulus at different temperatures and frequencies. For example, if
one needs to know the properties of a rubber at 10000 HZ,#68 then, from the right-hand
vertical axis 10000 Hz is chosen. This line is followed untilTthes5 line is reached. The
horizontal axis value at the poirtZ00000 Hz) is the corresponding frequencyTigr90 (or the

20°C reference temperature RD) and where th€' andG'’ curves intersect this vertical line are

the corresponding values for this frequency and temperature. The vélluesef2 MPa and;"’

is ~3 MPa.T,+65 is approximately 2C for R25, so the figures f@’ andG'’ can be confirmed

by comparing with Figs. 8 and 9. The second is to choose a suitable ENR compound based on
desiring particular values @’ (or G'') at a particular frequency and temperature. To achieve this,

a horizontal line is drawn from the desired frequency and a vertical line through the desired value
of G'. The point of the intersection gives an estimate of the temperature Bbatvehich these
properties could be achieved. From the knowledge of the temperature for the applicafion the
and therefore the level of epoxidation can be estimated.

3.5 Application of 5-Parameter Fractional Derivative Pritz Model

The 5-parameter fractional derivative model by Pritz, referred here to as the 5-parariaieafra
model, is the generalization of the conventional viscoelastic Zener r@el [17]. This model has
been developed and used successfully to fit experimental data on some polymeric damping
materials, especially over a wide frequency ra [23]. It is also known that the model describes
the asymmetrical broadening peak of the loss factor and the low increment of dynamic modulus at
high frequencie?]. However, in this paper the model is fitted to the experimental data at low-
and medium frequencies only because the dynamic mechanical analysis was not performed at low
ernough temperatures to go well below the glass transition temperature for natural rubber. It is show
in this part of the paper that the model satisfies the dynamic properties of natural rubber with
different epoxidation levels over a wide frequency range.

The differential equation for the 5-parameter fractional mos [17]:

a

d? d? d
B_—__ = i — -
o)+ 1 P o(t) = Goe(t) + Gyt P e(t) + (Go — Gy)T“ 17 e(t). (15)

This equation has five parametefsg, G, @, f andt which describe the dynamic behaviour of

the material over a broad frequency range. The parantgtenrsdG,, are the low-frequency and

high-frequency storage moduli, respectivetys the parameter that determines the rate of change

in the real and imaginary parts of the dynamic modulus in the low frequency range, i.e. below the
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peak in the loss factor. The parameias the correction to the conventional 4-parameter fractional
derivative Zener model that controls the asymmetry of the loss peak and the high-frequency
behaviour of the real and imaginary parts of the dynamic modulus. The paranetdre
relaxation time that controls the position of the peak in the loss factor.

The complex modulus for the 5-parameter fractional model is derived in the form of the following

equation (Eq. 38 in ref. [17])

G =Gy + Go(d —1 O 16

where

d = Goo 17
- GO ( )

and the normalized frequency is

W, = WT. (18)

In this work the values for the 5-parameter fractional model were determined directly from the
experimental master curves. Since no dynamic properties data were obtained at the low
temperatures below the glass transition temperature, the minimization analysis

F(x) = Z 1GEP (w,,, x) — Gt (w,, x)| — min, (19)

n=1

was carried out to invert the five parameters by fitting the predicted values of complex modulus,
G™"(w,, x), to the experimental dat&¢*? (w,, x), obtained at the frequencieg. The design
variable vector in Eq. (19) 8= {G,, G-, @, B, T}. The inverted values of the five parameters are
shown in Table 5.

The predictions were performed for the inverted values of the five parameters and the results were
compared with the experimental master curves. The results for the storage modulus and the loss
modulus of RO, R25 and R50 rubbers are shown in Figs. 11 and 12. The master curves for the
storage modulus suggest that there is a good correlation between the experimented and predicted
results along the frequency range. The experimental master curves and that predicted by the 5-
parameter fractional model are almost identical. The loss modulus of the rubbers exhibits similar
behaviour by showing a good agreement from the top to middle part of the master curves (at and
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Table5
Optimized parameter values calculated for the 5-parameter fractional model.

Rubber G, (Pa) G (Pa) a B 7 (s) d
RO 5.73x 106 1.11x 16 0.6828  0.6826 1.59 x 10 1940
R25 5.84 x 16 4.03 x 16 0.7412  0.7388 1.78 x 1€ 690
R50 6.60 x 16 3.21x 16 0.7726  0.6926 9.95 x 10 486

around the loss peak). However, as the frequency decreases, the disagreement between the data
and the predictions becomes more pronounced. This disagreement may lead to considerable design
errors if ths model is used to predict the dynamic behaviour of the natural rubber that well above

the glass transition temperature ordgy < 1. Above this frequency range, the model accuracy is

high with the maximum relative error beind8% for the storage modulus and 4-9% for the loss
modulus. This observation suggests that the model proposed can provide a close agreement to the
experimental master curves below the glass transition temperature ougbove.

4. Conclusions

Three types of rubber with different epoxidation levels: SMR-CV60 (0 mol%), ENR-25 (25
mol%), and ENR-50 (50 mol%) were the focus of this study. The master curves for their dynamic
properties were constructed based orntithe-temperature equivalence principle using Witis
Landel-Ferry (WLF) relationship for amorphous polymers.

Cole-Cole plots for all three vulcanizates fall on a single curve regardless of the level of
epoxidation suggesting that the epoxidation does not influence the relationship between the storage
modulus and loss modulus, but merely shifts the master curves for natural rubber along the
frequency axis.

The results obtained in this work provide the basis for determining the optimal epoxidation level
to achieve specific dynamic property requirements over a range of temperature and frequencies. A
nomogram has been constructed for predicting the appropriate epoxidation level for such purposes.
In addition, the 5-parameter fractional model for the dynamic properties of natural rubber with
different epoxidation levels has been fitted to the experimental data. This model can fit well the
experimentally obtained master curves with the maximum relative error of 4-9%.
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Fig. 1. A double bonded shear test piece. 1: stainless steel; 2: rubber.
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Fig. 2. The dependence of the storage modulus for RO, R25, and R50 rubbers as a function of temperature at 170Hz.
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Fig. 3. The dependence of the loss factor (tan &) for RO, R25 and R50 rubbers as a function of temperature at 170Hz.
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Fig. 4. The frequency dependence of the storage modulus of RO rubber for a range of temperatures: -40°C to 50°C with 5°C interval.
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Fig. 5. The frequency dependence of the storage modulus of R25 rubber for a range of temperatures: -25°C to 50°C with 5°C interval.
Page 19 of 26



1000
R50 Temperature: -10°C

G' (MPa)

Temperature: 50°C

0.1 1 I I 1
1 10 100

0.1
Frequency (Hz)

1000

Fig. 6. The frequency dependence of the storage modulus of R50 rubber for a range of temperatures: -10°C to 50°C with 5°C interval.
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Fig. 7. The Cole-Cole plots for RO, R25 and R50 rubbers.
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Fig. 8. A comparison of the master curves for the storage modulus of RO, R25 and R50 rubbers as a function of the reduced frequency.
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Fig. 9. A comparison of the master curves for the loss modulus of RO, R25 and R50 rubbers as a function of the reduced frequency.
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Fig. 10. A nomogram relating the reduced frequenc¢t@andG'’ at different temperatures. The data is for NR (R0O). The temperature in

this nomogram has been standardised such that it is applicable to other ENR compounds with knowletige of the
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Fig. 11. A comparison between the master curves and predictions from the 5-parameter fractional model for the storage modulus of RO,

Page 25 of 26



1000 .
Experimental data:
Oro OR25 AR50 RS0
100 \ R25
S-parameter fractional model curve fit: )
=—R0 ==R25 ~~R50 i~ & R0
10 A {5 w4
1
=
[a ¥
= 01
o WYY tevry o
0.01
A A O& (@)
0.001
0.0001
0.00001 - - -
10 102 1.0 107 104 106 108 10%
Reduced Frequency (Hz)

Fig. 12. A comparison between the master curves and predictions from the 5-parameter fractional model for the loss modulus of RO,

R25 and R50 rubbers as a function of the reduced frequency.
Page 26 of 26



